The extracellular poly(3-hydroxybutyrate) depolymerase gene from Akaligenes faecalis Tl was cloned into Escherichia coli DH1 by using the plasmid pUC8. An A. faecalis Ti genomic library was prepared in E. coli from a partial Sau3AI digest and screened with antibody against the depolymerase. Of the 29 antibody-positive clones, 1 (pDP14), containing about 4 kilobase pairs of A. (22), modified by the addition of achromopeptidase (TBL-1; 1.5 mg/ml) (12) to the lysozyme-EDTA solution to lyse the organism. Plasmid DNA was isolated from a chloramphenicol-amplified culture (18) of E. coli by the method of Bimboim and Doly (1) and then purified by gel filtration. A. faecalis Ti DNA was partially digested with Sau3AI, and fragments of 4 to 9 kilobase pairs (kbp) in size were isolated from the agarose gel by the glass powder method (28). The size-fractionated DNAs were ligated into BamHI-digested and alkaline phosphatase-treated pUC8, using T4 ligase. E. coli DH1 was transformed with recombinant plasmid DNA by the calcium chloride method of Mandel and Higa (17), and ampicillinresistant (Apr) transformants were selected and immunologically screened (9) with anti-PHB depolymerase immunoglobulin G raised in a rabbit.
pDP14 showed that a large SaII fragment of about 2 kilobase pairs was responsible for expression of the enzyme in E. coli. The nucleotide sequence of the large Sall fragment has been determined. Comparison of the deduced amino terminus with that obtained from sequence analysis of the purified protein indicated that poly (3- hydroxybutyrate) depolymerase exists as a 488-amino-acid precursor with a signal peptide of 27 amino acids.
Poly(3-hydroxybutyrate) (PHB) is a unique intracellular reserve of organic carbon and/or chemical energy found in a wide variety of bacteria (3, 5) and is regarded as a potentially useful biodegradable natural plastic that is not derived from petroleum (13) . Some bacteria secrete extracellular PHB depolymerases to degrade environmental PHB and utilize the resulting monomeric D(-)-3-hydroxybutyrate as a nutrient (2, 4, 16) . We purified an extracellular PHB depolymerase from Alcaligenes faecalis Ti, a gram-negative bacterium isolated from activated sludge that can hydrolyze not only water-insoluble PHB but also water-soluble D(-)-3-hydroxybutyrate oligomeric esters (24, 25) . Since the results of inhibition and kinetic studies indicated the presence of a specific domain on the enzyme molecule (24), we investigated the mechanism of hydrolysis of these substrates through elucidation of the primary structure of this enzyme. Here, we describe the cloning and sequence analysis of the A. faecalis Ti gene for PHB depolymerase and its expression in Escherichia coli.
MATERIALS AND METHODS
Bacterial strains and plasmid. The plasmid used for cloning was pUC8, described by Vieira and Messing (27) . The bacterial strains used as hosts for the plasmid were E. coli DH1 (F-endAl hsdRJ7 supE44 thi-J X-recAl gyrA96 relAl) and E. coli JM103 [thi strA supE endA sbcB hsdR A(lac-pro) F' traD36 proAB lacIqZ M15]. A. faecalis Ti was used as the source of PHB depolymerase (25) and chromosomal DNA.
E. coli was routinely cultured in L broth (1% tryptone, 0.5% yeast extract, 1% NaCl) or on solidified L broth containing 1 (28) . The size-fractionated DNAs were ligated into BamHI-digested and alkaline phosphatase-treated pUC8, using T4 ligase. E. coli DH1 was transformed with recombinant plasmid DNA by the calcium chloride method of Mandel and Higa (17) , and ampicillinresistant (Apr) transformants were selected and immunologically screened (9) with anti-PHB depolymerase immunoglobulin G raised in a rabbit.
Restriction mapping and subcloning. Mapping of restriction sites was performed by the standard procedure (18) . Deletion derivatives were constructed by digesting plasmids with a single restriction enzyme, followed by ligation of the products. Subcloning was performed by isolating DNA fragments from 0.8% agarose gels by electroelution onto DEAE-paper (6) . These fragments were then ligated into pUC8 that had been cut with appropriate restriction enzymes. pUC8 with subcloned DNA fragments was introduced into the E. coli JM103 recipient by transformation, and white colonies containing recombinant plasmids were selected on plates in the presence of isopropyl-P-D-thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-P-Dgalactopyranoside (X-Gal) (8) .
Detection of PHB depolymerase-producing colonies on plates. Screening of colonies from transformed E. coli was carried out immunologically, using rabbit anti-PHB depolymerase immunoglobulin G. PHB depolymerase secreted by transformed E. coli was also detected on M9 plates containing purified PHB powder (2 mg/ml) by the formation of clear zones around the colonies.
DNA sequence analysis. One of the subcloned DNAs, pDP17, was cut with Sail, and a DNA fragment of about 2 kbp was isolated by electrophoresis. The DNA fragment was filled in and inserted into the SmaI site of M13mpl8. Deleted mutants were then made with a deletion kit (Takara Shuzo Co., Kyoto, Japan) according to the methods of Henikoff (10) and Yanisch-Perron et al. (29) . The sequence of the deleted DNA fragments was determined by the dideoxychain termination method (23) .
Enzyme assays. PHB depolymerase activity was assayed by measuring changes in turbidity of a PHB suspension as described previously (25) . Oligomer hydrolase activity of the depolymerase was assayed by using the trimeric ester of D-(-)-3-hydroxybutyric acid (trimer) as the substrate (24, 25) . Alkaline phosphatase (11) and alcohol dehydrogenase (21) were assayed as described elsewhere.
Localization of PHB depolymerase in E. coli. E. coli cells (1 g [wet weight]) grown in L broth were subjected to osmotic shock by the procedure of Neu and Heppel (20) to release periplasmic proteins, followed by centrifugation at 20,000 x g for 15 min; the precipitate was then suspended in 50 ml of 50 mM Tris hydrochloride (pH 7.6). The culture medium, shock fluid, and supernatant fraction from the sonic extract were concentrated to 5 ml in a dialysis sac by using a water adsorbent (Sumikagel N-100; Sumitomo Chemical Co., Osaka, Japan).
SDS-polyacrylamide gel electrophoresis. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis was performed by the procedure of Laemmli (14) . Protein was stained with Coomassie brilliant blue R-250. Electroimmunoblotting of proteins was performed by using nitrocellulose membranes according to the method of Towbin et al. (26 Purification and characterization of PHB depolymerase from transformed E. coli. PHB depolymerase was purified from transformed E. coli DH1(pDP14) grown in L broth by the procedure used for purification of the same enzyme from A. faecalis Ti (24) (Table 1) . Although enzyme activity was not detectable in the crude extract, probably because of the nonspecific interaction between PHB and the large amount of contaminating proteins, the enzyme was efficiently purified about 50-fold at the step of butyl-Toyopearl (Tosoh, Tokyo, Japan) column chromatography (24) as calculated from the D-(-)-3-hydroxybutyrate oligomer hydrolase activity. The enzyme was further purified, and a single protein band was obtained by SDS-polyacrylamide gel electrophoresis ( Fig. 1) , with 22% recovery from E. coli. The purified PHB depolymerase from E. coli exhibited the same electrophoretic mobility as did the enzyme from A. faecalis Ti, which has a molecular weight of about 50,000 (25) (Fig. 1) . Upon Ouchterlony double diffusion, the anti-PHB depolymerase immunoglobulin G raised in a rabbit gave only a single continuous precipitin line with the E. coli and A. faecalis PHB depolymerases and the crude extract of E. coli carrying pDP14 (data not shown). In addition, the peptide maps of the two enzymes showed similar overall patterns (Fig. 2) . These results indicate that the two enzymes have similar or identical structures.
Since the PHB depolymerase from A. faecalis Ti was demonstrated to have a few cystine bonds, one of which is essential for enzyme activity (24) , the time courses of inactivation of the two enzymes with dithiothreitol and reactivation by 5,5'-dithiobis(2-nitrobenzoic acid) ( tion and reactivation profiles for dithiothreitol and DTNB treatments (Fig. 3) . Furthermore, both enzymes were similar in specific activity, Km value for PHB, optimal pH, and substrate specificity (25) (data not shown).
Localization of PHB depolymerase in E. coli. In the case of A. faecalis Ti grown in medium containing PHB or glucose, most of the enzyme activity was excreted into culture medium (25) ; therefore, the enzyme distribution in E. coli JM103 carrying pDP14 was examined. Although about 60% of total PHB depolymerase activity, together with the activity of alkaline phosphatase (the marker enzyme of this fraction), was detected in the periplasmic fraction, about 10% of the activity was found in the culture medium (Table  2) .
Deletion derivatives of pDP14. Figure 4A shows the restriction map of the inserted DNA of pDP14 and its deletion derivatives (pDP15, pDP16, and pDP17). Deletion of the KpnI fragment (about 1 kbp) from pDP14 had no effect on the expression of PHB depolymerase in E. coli JM103, as Effects of dithiothreitol and DTNB on PHB depolymerases purified from 10 Fg each of A. faecalis Ti (0) and E. coli(pDP14) (l). The enzymes in 0.1 ml of 0.1 M potassium phosphate (pH 7.0) containing 4 mM dithiothreitol were incubated at 30°C and then assayed for remaining activity at the times indicated. At 45 min, 20 ,u of DTNB (100 mM) was added to each mixture, followed by incubation for 5 min and assay of enzyme activity.
judged from the formation of halos around streaks of bacteria on M9 agar plates containing PHB powder (Fig. 4B) . On the other hand, deletion of the SalI fragment (about 2.6 kbp from the 3' end) prevented excretion of PHB depolymerase on M9 (PHB) plates (Fig. 4B, sample c) . E. coli carrying pDP17 which was deleted by about 2.2 kbp from the 5' end retained PHB depolymerase activity (Fig. 4B, sample d) . Expression of PHB depolymerase in bacterial cells was also examined by immunodetection on nitrocellulose membranes (Fig. 4C ). An immunostained protein band corresponding to the purified PHB depolymerase of A. faecalis was detected for the crude extracts of E. coli carrying pDP14, pDP15, and pDP17. These results indicate that the structural gene for PHB depolymerase is located in the Sail fragment, about 2 kbp from the 3' end of the inserted DNA of pDP14.
Nucleotide sequence of DNA and amino acid sequence of PHB depolymerase. The nucleotide sequence of the PHB depolymerase gene was analyzed with pDP17. A strategy for sequencing is shown in Fig. 5A amino acids of the deduced mature coding sequence (position 28 through 47) correspond fully to the amino-terminal sequence of the purified protein as determined by automated Edman degradation. The ATG, which is considered to be the initiation codon, is located 78 bp upstream of the mature coding sequence and begins the code for a larger precursor containing a presumed signal peptide of 26 amino acids. A terminal codon (TGA) was found at 1,464 bp from the initiation (ATG) in the sequence. This reading frame translated into a protein with a molecular weight of 49,934. The deduced molecular weight of the mature protein was 46,858 (461 amino acids). The amino acid composition deduced from the nucleotide sequence agrees with that determined by amino acid analysis of the purified PHB depolymerase ( It is interesting that E. coli carrying the PHB depolymerase gene from A. faecalis Ti excreted a fraction of the enzyme activity into the culture medium (Table 2 ). This excretion seems not to have been due to rupture of the E. coli cell membrane, because alcohol dehydrogenase activity was not detected in the medium. It is not clear whether there is a specific gene for enzyme excretion besides the structural gene for PHB depolymerase from A. faecalis Ti. However, since the PHB depolymerase activity excreted constituted about 10% of the total, which was about same as the level of alkaline phosphatase activity found in the medium, PHB depolymerase may not be excreted via a specific excretion system in E. coli but via some structural changes in the outer membrane of E. coli caused by expression of PHB depolymerase protein.
The molecular weight of the mature PHB depolymerase (46,858) deduced from sequencing of the DNA fragment is compatible with published values, which range from 48,000 (determined by Sephadex G-100 gel filtration) to 50,000 (determined by polyacrylamide gel electrophoresis in the presence of SDS) (25) . In addition to the results of expression experiments, agreement of the deduced amino acid composition with that determined biochemically (Table 3) strongly supports the identity of the DNA segment as the PHB depolymerase gene. The PHB depolymerase has a characteristic amino acid composition of very few charged amino acids. Most of the glutamic and aspartic acids were found as the amide forms.
Recently, we found that PHB depolymerase from A. faecalis Ti lost hydrolytic activity toward PHB after mild ase in E. trypsin treatment but retained activity toward water-soluble oligomers of D-(-)-3-hydroxybutyrate (7). The trypsintreated enzyme, which was about 6 kilodaltons smaller than that of the native enzyme, showed no ability to bind to PHB, to which the native enzyme bound tightly (7) . Clarification of the primary structure of PHB depolymerase may reveal the mechanism of hydrolysis of PHB by PHB depolymerase.
A. faecalis Ti is an unusual gram-negative bacterium that releases proteins into the culture medium. Because of the paucity of gram-negative bacteria that exhibit this activity, the mechanism of excretion of proteins into the medium by gram-negative bacteria is not yet clear. Our study may help to solve this problem.
ADDENDUM IN PROOF
The nucleotide sequence data reported in this paper have been submitted to the EMBL, GenBank, and DDBJ nucleotide sequence data bases and assigned the accession number J04223.
